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SUMMARY 
 
Nowadays, micro-jet impingement has been increasingly applied to cooling of electronics. 
The objective of this study is to numerically and experimentally investigate the cooling 
performance of air impingement and mist cooling on micro-channels fabricated on the 
back of a silicon chip.  In mist cooling, an air-water mist is used as the cooling medium. 
 
In the first part of this study, numerical simulations of flow and heat transfer in a micro-
channel with air-jet impingement was carried out using a commercial CFD 
(Computational Fluid Dynamics) software called FLUENT. The effect of various 
parameters on the heat transfer and flow was simulated and studied. Air at 300 K was 
used as a coolant fluid. The maximum limiting wall temperature was maintained at 373 K 
on the chip surface when doing the simulation as a higher temperature will cause 
deterioration of the system’s performance and may cause hardware failure in some cases. 
In this simulation, micro-channel was considered as a single channel and the flow was 
assumed to be turbulent. The nozzle to plate distance was found to be quite important in 
this study. The channel depth was varied from 100 µm to 400 µm while the channel width 
was fixed at 100 µm. The air inlet velocity was varied from 100 m/s to 300 m/s. From this 
numerical analysis, it was found that the heat flux was increased when the channel depth 
or the air inlet velocity was increased.  
 
A rig was designed and fabricated for the experimental study. The test section consists of 
a 21mm x 21mm square silicon die with micro-channels etched on its surface, which was 
covered with a glass plate to confine the flow through the micro-channels. A slot was 
                                                                                                                                     vii  
                                                                                                                                 Summary 
machined across the glass cover plate to admit air from an inlet manifold. In this 
experimental study the depth of the air inlet manifold, the slot width and the inlet velocity 
of the coolant were varied. The depth and width of the micro-channels were not varied 
due to difficulties in obtaining silicon dies with micro channels machined on the surface.  
  
The performance of an air-water mist spray cooling system was also studied 
experimentally. It was found that an air-water mist spray cooling system could give a 
higher cooling rate than air-only impingement cooling. For the same heat dissipation, it 
was found that the air-water mist spray cooling system required a much smaller flow rate 
of air. 
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Chapter 1                                                                                                            Introduction   





Since the development of the first digital computers using silicon integrated circuits, 
reliable operation has depended on the ability to dissipate heat flux while maintaining 
acceptable temperature. In recent years, there had been enormous increases in chip-level 
heat flux. Chip-level heat fluxes are already in the 35-50 W/cm2 range for many high-end 
applications, and projected to exceed 150W/cm2 in the near future. As faster chips are 
being used in small laptops, portables and wearable, it becomes important to design and 
develop more efficient and compact cooling methods. Since most conventional cooling 
methods are inadequate to limit the allowable temperature to below 100ºC for most 
electronic and micro system packages, advanced new cooling techniques are constantly 
being proposed to meet the demand for high heat flux removal. Some of these techniques 
are mist spray cooling, impinging jet cooling, and others.  
 
Mist spray cooling has greater heat removal rate than other cooling techniques. It is now 
commonly accepted that the limits of air impinging jet are fast being approached for high-
end applications, and the same limitation will be encountered for consumer applications 
soon. Though liquid cooling has been explored throughout the 1980’s for supercomputers, 
mainframes and large sever systems; its application to small-scale portables requires 
substantial re-design and development. Impinging jets have found a large number of 
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applications where a high rate of convective heat transfer is required. Although such jets 
yield very high heat transfer coefficients in the stagnation zone, the cooling performance 
drops rapidly away from the impingement zone.  
 
1.2  Objectives 
 
The main objectives of this study are to simulate, fabricate and evaluate a MEMS-based 
micro-jet impingement cooling device using air and air/water mist spray as the cooling 
medium for microelectronic and micro system applications. This main task will be divided 
into the following steps. 
 
Firstly, the performance of micro air-jet cooler will be determined experimentally by 
measuring the airflow rate, the air inlet and outlet temperatures, and the surface 
temperature of the micro channels. Then the heat transfer between the micro channel and 
the air is simulated using CFD software and the measured parameters. After that, 
experiments on mist spray cooling will be performed to optimize the micro- machined 
cooler. High heat flux cooling techniques include jet impingement cooling, force 
convection cooling and mist spray cooling. Among the three, mist spray cooling has the 
highest heat removal rate. The performance of the mist spray cooling method will be 










The proposed study consists of three stages. The first stage is the simulation of the 
proposed MEMS micro-jet impingement cooling device using a commercial 
Computational Fluid Dynamics (CFD) software, namely FLUENT. The effect of various 
parameters such as width and height of the micro-channels, the diameter of jets, the 
velocity of the jet, etc will be studied though numerical simulation. Experiments will also 
be conducted and the numerical results will be compared with the experimental results. In 
this first simulation, the optimized design was drawn using AutoCAD software.  
 
In the second stage, the optimized structure of the proposed MEMS micro-jet impinging-
cooling device will be fabricated. The fabricated cooling device will be evaluated through 
experiments. 
 
In the third stage, a mist cooling system will be implemented and its performance studied 
experimentally. 
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CHAPTER 2   




Nowadays, micro-jets impinging cooling devices have found a large number of 
applications in cooling of electronics. Micro-jet impingement is a very efficient method 
for removing a large amount of heat from a uniformly heated plate. Heat transfer and fluid 
flow characteristics of a single jet impinging on a heated surface have been the subject of 
numerous investigations for many years. Due to the wide application of jet impingement 
cooling and its high heat transfer coefficient, many literature reviews have been done on 
this subject. Most of those literature reviews were on experimental work. So far, little 
analytical and numerical work has been reported due to the nature of this very complex 
problem. Most of the numerical investigations were conducted on two- dimensional flows 
in a single jet with large dimensions.  
 
Furthermore, jet impingement cooling has been applied widely to provide high heat 
transfer rates in many industrial processes, including the hardening and quenching of 
metals, tempering of glass and cooling of electronic components. However, the increasing 
applications for high power electronic devices and the development of multi-chip 
modules, necessitates the use of an efficient high heat flux cooling technique. In addition, 
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2.2 Jet Impingement Cooling  
 
The jet impingement cooling system contains both circular and rectangular (planar or slot) 
jets operating under free surface or submerged conditions, as well as unconfined or 
confined impinging jets. While a large number of studies of jet impingement exist in the 
literature, relatively limited information is available regarding confined slot jet 
impingement, where the outflow is confined to a parallel-plate arrangement.  
 
Many analytical researchers were concerned with the flow characteristics of a jet because 
it is essential in finding the heat transfer coefficient. Although such jets yield very high 
heat transfer coefficients in the stagnation zone, the cooling performance drops rapidly 
away from the impingement zone. Four distinct flow regions can be characterized for 
turbulent jet impingement depicted in Figure 2-1. 
 
1)  Potential core region: the flow region where the velocity in the central portion of 
the flow at the jet exit remains constant and equal to the jet exit velocity  
2) Free jet region:  the flow region beyond the potential core and where the flow from 
the nozzle is not dramatically influenced by the presence of the impingement plate 
3) Impingement region: the flow region where the flow is deflected from the axial 
direction 
4) Wall jet region: the flow in the radial direction and the boundary layer thickens 
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                                  Figure 2.1 Turbulent Impinging Flow Characteristics 
 
2.3 Definitions and Analytical Work  
 
The local heat transfer coefficient h, or the average heat transfer coefficient h , is the 
indicator of how efficient and capable a system is in heat removal. In numerical and 
experimental work, the heat transfer coefficient, h is calculated directly. In our numerical 
investigation, the average heat transfer coefficient, h  was calculated as follows: 
                              





A T T−  
where  is the input power, AinQ s is at the heated surface area, T s is the average 
temperature of the surface, and Tin is the coolant inlet temperature.  
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The Nusselt number is defined as follows: 
                              
                             
k
hDNu =  
where h is the heat transfer coefficient, k is the thermal conductivity, and D  is the 
impinging jet diameter.  
 
The analytical work in this study is limited to predicating the heat transfer under the 
stagnation point. In doing so, an average Nusset number (Nu) formula is established. The 
general form that most researchers use is as follows: 
 
                            Nu = C Pr1/3 Re1/2
where C is a constant that varies from one researcher to another in the range of 0.4 to 1.2.    
Pr is the Prandtl number.  
                             
k
CPµ=Pr  
Cp: specific heat capacity, kJ /kg K. 
µ:  viscosity, kg/ m s. 
k: thermal conductivity, W/ m K 
 
In addition, Re is Reynolds number. Some based its formulation on the jet characteristics, 
such as jet exit velocity and jet diameter while others used arrival velocity along with 
characteristics that they defined. 
                             
v
DU m=Re  
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D: diameter, m 
Um: velocity, m/s 
ν :  kinematic viscosity, m2/s 
 
2.4 Numerical Studies of Air Impinging Jets 
 
To numerically obtain accurate flow characteristics in an impinging jet the first thing one 
should do is to choose the right numerical model. In the case of impinging flow, that 
usually means the right turbulence model. The experimental and theoretical investigations 
on jets are mostly related to turbulent jets. Although many applications involve turbulent 
jets, laminar jets are also encountered when the fluid is highly viscous or the geometry is 
miniaturized as in microelectronics. Many researchers reviewed the different ways to 
model the flow issuing from one jet to a flat surface taking into consideration the flow and 
thermal characteristics of the impinging jet.  
 
On the reviews available, many researchers concluded that the parameters affecting jet 
impingement cooling are the nozzle-to-plate distance, jet diameter, jet Reynolds number, 
and fluid properties of the coolant. 
 
2.4.1 Effects of Jet-to-Plate Distance on Heat and Flow Characteristics 
 
Law and Masliyah [24] used a 2-D numerical model to study a laminar impinging jet. 
These types of jets are less commonly used than turbulent impinging jets. However, they 
can be encountered in practice especially when the jet-to-plate spacing Zn is small and 
 8
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very high stagnation pressure is not desirable. They studied experimentally and 
numerically the flow characteristics of a confined laminar jet impinging on a flat plate. 
 
Mikhail et al. [31] studied laminar 2D flow from a row of impinging slots where they 
investigated two types of input velocity profiles, parabolic and uniform. They reported 
that the parabolic profile results in higher values of both the average Nusselt and the local 
Nusselt number in the stagnation region. In addition, their results also showed that the 
average Nusselt number increases as the nozzle-to-plate spacing decreases.  
 
Baughn and Shimizu [5] reported that the jet-to-plate distance not only affects the heat 
transfer rate, but also has a significant effect on the local heat transfer coefficient 
distribution. They used a uniformly heated plate in conjunction with liquid crystals for 
measurement of temperature distribution. They found that for a jet-to-plate distance of 6 
jet diameters and a Reynolds number of around 20,000, the confinement and the jet-outlet 
conditions had a marginal influence on the rate of heat transfer.      
 
Aldabbagh and Sezai [1] also did numerical simulation of three-dimensional laminar 
multiple impinging square jets. They investigated numerically through the solution of the 
three-dimensional Navier-Stokes and energy equations in steady state. The simulations 
carried out for jet-to-jet spacing of 4D, 5D and 6D and for nozzle exit to plate distances 
between 0.25D and 9D, where D is the jet width. In their results, the flow structure of 
multiple square jets impinging on a heated plate was strongly affected by the jet-to-plate 
distance. However, they reported that the magnitude of the local Nusselt number at the 
stagnation point was not affected by jet-to-jet spacing. Moreover, the stagnation Nusselt 
 9
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number increases as the nozzle-to- plate distance decreases. The numerical results were in 
reasonable agreement with the experimental results obtained by Huber and Viskanta [23]. 
Their results showed that the maximum average Nusselt number was found at nozzle-to-
plate spacing of four-jet diameters. For all cases investigated in this paper, the local 
Nusselt number at the stagnation points have been found to be the same in magnitude as 
those of the single square jet obtained by Sezai and Mohamad [from 23].  
 
Webb and Ma, [41] reported that heat transfer rates at the stagnation point were very high, 
but at a distance of two to three nozzle diameters from the stagnation point, the cooling 
rate is less than half that of the stagnation value. 
 
Chatterjee and Deviprasath [7] studied heat transfer in confined laminar axisymmetric 
impinging jets at small nozzle-plate distances. They reported that the occurrence of the 
off-stagnation point maxima is entirely a consequence of upstream flow development 
because of vorticity diffusion, whenever the dimensionless nozzle-to-plate distance is 
smaller than unity. Amano et al. [3] numerically simulated axisymmetric impinging jets 
on a flat plate flowing into an axisymmetric cavity. They obtained good prediction of 
velocity, pressure and skin friction distribution. 
 
Selvam et al. [38] used the computer modeling to optimize the heat removal capacity of a 
micro-jet array (MJA). The procedure used a finite difference grid to analyze, understand 
and optimize the heat transfer in a MEMS based MJA. The computed results were in 
reasonable agreement with the experimental results obtained by Leland et al. [26]. An 
even temperature distribution “Hot Patch” was observed in some of the cases studied and 
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was associated with the re-circulation of air between the jets. Comparison among the 
computed temperature distributions allowed optimization of the geometry of the MJA. 
They reported that changing the height of the plenum had a large effect, which could 
eliminate the “Hot Patch” phenomenon. 
 
2.4.2 Effects of Turbulent Model on Heat and Flow Characteristics 
 
At higher Reynolds numbers – and even for initially laminar jets – the turbulence 
generated by the jet itself plays an important role in determining the heat transfer 
characteristics of the impinging jets. 
 
Most previous studies on the impingement heat transfer have been concerned with high 
Reynolds number circular jets due to wide industrial applications. However, to avoid high 
hydrodynamic pressure caused by the impingement on the surface, low Reynolds number 
jets were preferred by Gardon and Akfirat [14]. In addition, there were several numerical 
studies on low Reynolds number impinging jets (Al-Sanea, 1992; Chen et al., 2001; Chou 
and Hung, 1994; Law and Masliyah, 1984; Lee et al., 1997) [from14]. All of the previous 
numerical studies were based on steady simulation. The unsteady characteristics of the 
impingement heat transfer were not yet fully understood (Liu and Sullivan, 1996; 
Ozdemir and Whitelaw, 1992) [from14].  
 
Chung et al. [9] did numerical study of momentum and heat transfer in unsteady 
impinging jets. They solved the unsteady compressible Navier-Stokes equations and high- 
order finite difference method with non-reflecting boundary conditions. They found that 
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the impingement heat transfer was very unsteady and the unsteadiness was caused by the 
primary vortices emanating from the jet nozzle. These primary vortices dominated the 
impinging jet flow as they approached the wall. The strength and location of the primary 
vortices influenced the stagnation Nusselt number. 
 
Turbulent impinging jets have complex features that due to entrainment, stagnation and 
high streamline curvature. Most predictions of jet impingement heat transfer in industry 
involve the use of a standard or modified version of the k – є turbulent model where k is 
the turbulent kinetic energy and є is the dissipation rate turbulence.  
 
Behnia et al. [6] used an axisymmetric isothermal fully developed turbulent jet to a 
uniform heat flat plate. They showed that prediction by the normal-velocity relaxation 
turbulence model (V2 F model) agree very well with the experiments. In the V2 F model, 
the mean flow satisfies the Reynolds-Averaged-Navier-Stokes (RANS) equations. No-slip 
boundary conditions were applied to the mean flow on the solid boundaries. In addition, 
they also showed that the k – є turbulent model does not properly represent the flow 
features, but instead highly overestimates the heat transfer and yield a physically 
unrealistic behavior. In all cases the k – є model excessively over-predicted the stagnation 
region of heat characteristics with wall function. Ashforth-Frost et al. [4] also reported an 
over-prediction of the stagnation point heat transfer by approximate 300% when using the 
k- є turbulence model with wall function. However a 20% over-prediction was made at 
the wall jet region. Craft et al. [10] have demonstrated some of the problems in these 
turbulence models; they obtained a substantial over-prediction of the heat transfer in the 
stagnation region with widely used low Reynolds number the k – є turbulent model. It 
 12
Chapter 2                                                                                                    Literature Review 
was shown that the V2 F model has a faster convergence than the k – є turbulent model 
while everything else remains the same, namely using a Prandtl number with a fixed value 
of 0.71 by Behnia et al. [6]. 
 
2.5 Experimental Studies of Impinging Jets      
2.5.1 Air Jet Impingement Cooling  
 
Few studies considered arrays of confined jets and compared their performance to that of 
single jets at a given flow rate, pressure drop, or pumping power. Garimella and 
Schroeder [17] experimentally studied the local heat transfer distributions under arrays of 
confined multiple air jet impingement. Their experiments were conducted for different jet 
Reynolds numbers (5000< Re< 20,000), orifice-to-target spacing (0.5<H/d<4), and 
multiple-orifice arrangements. The local heat transfer coefficient distributions in confined 
multiple-air jet impingement were obtained as a function of orifice-to-target spacing, 
Reynolds numbers, and multiple-orifice arrangement. They reported that a reduction in 
orifice-to target spacing was found to increase the heat transfer coefficient in multiple jets, 
with this effect being stronger at the higher Reynolds numbers. With a nine-jet 
arrangement, the heat transfer to the central jet was higher than for a corresponding single 
jet. However, for four-jet arrangement, each jet was found to have stagnation region heat 
transfer coefficients that were comparable to the corresponding single-jet data, although 
the average heat transfer coefficient was higher for the jet array. 
  
Huber and Viskanta [22] investigated the effects of orifice-target separation and Reynolds 
number on the heat transfer to an array of nine confined air jets. They found that in the 
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large orifice-target spacing, a single jet yielded higher heat transfer coefficients than array 
jets for a given Reynolds number and H/d. For H/d <1, the local Nusselt number for the 
jet arrays became similar in magnitude to those for a single jet at the same Reynolds 
number. As the orifice-target spacing was decreased from 6 to 1 jet diameters, the local 
Nusselt number increased everywhere throughout their experimental range of r/d < 3. In 
addition, secondary peaks were observed at r/d = 0.5 and 1.6 when H/d <1. The inner peak 
was attributed to a local thinning of the boundary layer, while the outer peak was attained 
to be due to a transition to a turbulent wall jet. They also reported that the large orifice-
target spacing (H/d =1,6), an inter jet spacing of 8 resulted in higher local Nusselt 
numbers than smaller inter jet spacing of 4 and 6. An inter jet spacing of four diameters 
was found to provide the highest average heat transfer over a given surface area. 
 
Garrett and Webb [18] experimentally studied the heat transfer characteristics of single 
and dual exit drainage configurations for arrays of liquid jets impinging normal to a 
heated plate. They found that the plate-averaged heat transfer coefficient increased for 
decreasing jet-to-jet spacing. Moreover, the maximum plate-averaged Nusselt number was 
found at a nozzle-to-plate spacing of four jet diameters. 
 
Garimella and Nenaydykh [15] conducted experiments to determine the effect of nozzle 
geometry (diameter and aspect ratio) on the local heat transfer coefficients from a small 
heat source to a normally impinging, axisymmetric, submerged and confined liquid jet of 
FC-77.  They tested with a single jet with nozzle diameter in the range of 0.79-6.35 mm, 
nozzle aspect ratio in the range of 0.25-12, turbulent jet Reynolds numbers from 4000 to 
23,000 and heat source spacing of 10-14 jet diameters. Their results indicated that for very 
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small nozzle aspect ratio (H/d <1), the heat transfer coefficients were the highest. For 
aspect ratios of 1-4, the heat transfer coefficient dropped sharply, but with further increase 
in H/d of up to 8-12, the heat transfer coefficients gradually increased. In conclusion, they 
explained that these trends could be explained in terms of flow separation at the nozzle 
entrance and its effect on the exit velocity profiles. Hence, the nozzle diameter also had a 
definite effect on the heat transfer coefficient. 
 
Lin et al. [29] experimentally performed a confined slot jet impingement for electronic 
cooling applications. They explored the parametric effects of jet Reynolds numbers and 
jet separation distance on heat transfer characteristics of the heated target surface. With 
the measurement of jet mean velocity and turbulence intensity distributions at nozzle exit, 
two jet flow characteristics at nozzle exit; initially laminar and transitional/turbulent 
regimes were classified. As for the investigation of heat transfer behavior on stagnation, 
local and average Nusselt number, the effect of jet separation distance was not significant; 
while the heat transfer performance increased with increasing jet Reynolds number. A 
concept of effective cooling length was introduced to evaluate the average Nusselt 
number on a finite-length target surface. The existing numerical results were reasonably 
consistent with their experimental data. 
 
Ertan Baydar [11] experimentally studied the flow field between two horizontal surfaces 
arising from jet issuing from the lower surface and impinging normally on the upper 
surface for a single jet and double jet. He found that the characteristics of an impinging jet 
in a confined space were sensitive to the nozzle-to-plate distance. Secondary stagnation 
point occurs midway between the two jets for the case of a double jet. He also mentioned 
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that a sub atmospheric region occurs in both single jet and double jets and it becomes 
stronger with increasing Reynolds number. It is seen that the sub atmospheric region is 
also linked to the secondary peak in heat transfer coefficients on the impingement plate.  
 
Experimental results obtained by Wu et al. [42] in their study of micro heat exchanger by 
using MEMS impinging jets. They tested a single glass nozzle, a MEMS single nozzle, a 
MEMS nozzle array and a MEMS slot array at heights ranging from 100 to 3000 µm, and 
with pressures ranging from 0.5 to 5psig. In order to facilitate micro heat transfer 
measurements, they used a MEMS sensor chip, which has an 8 x 8 temperature sensor 
array on one side, and an integrate heater on the other side has been designed and 
fabricated. In addition, the aim of their work was to study micro impinging jet cooling, 
focusing on experimentation with variable parameters of height, nozzle diameter, and 
nozzle spacing in the sub-millimeter range.  
 
In single impinging jet cooling, they found that the average surface temperature of the 
single glass jet does not vary much even with different heights. On the other hand, in the 
case of MEMS jets, cooling capability decreased at height (H<100µm). Moreover, they 
defined jet cooling efficiency, as heat transfer coefficient normalized by the kinetic energy 
of gas, where it was clear that for both types of jets, a lower inlet pressure gave a higher 
cooling efficiency. In jet array cooling, they also reported that the surface temperature 
distribution was more uniform than single jet cooling. This was more evident in the case 
of nozzle arrays, which was the most efficient arrangement among the four variations. 
Finally, they reported that a micro impinging jet could provide effective cooling, and 
higher inlet pressure gave better cooling, but lower efficiency.  
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Gardon and Cobonpue [13] studied the average heat transfer coefficient and the variation 
of heat transfer coefficient from point to point on the impingement surface. They were 
able to measure that by means of a heat flow transducer, which measures the rate of heat 
transfer from an area less than 1 mm in diameter. They reported higher heat transfer rates 
at lower dimensionless impinging height ratio Zn/D. Moreover, it was found that the 
stagnation point heat transfer coefficient produced by a slot jet was inversely proportional 
to its diameter and directly proportional to its velocity at impact. Considering the variation 
of this impact velocity with impinging height, one would further expect stagnation point 
Nusselt number to be constant for impinging height shorter than the potential core 
(Zn/D<5). Outside of this range stagnation point Nusselt number diminishes 
proportionately to (Zn/D)-1/2. All these cases were for laminar flow only with exit Re<450.  
 
Another research group, Gardon and Akfirat [14] mentioned that some heat transfer 
results in impinging jets could be explained in term of velocities alone, at very low 
Reynolds numbers and under otherwise restricted conditions. At high Reynolds numbers, 
the turbulence generated by the jet itself plays an important role in determining the heat 
transfer coefficient. They reported that the heat transfer coefficients is maximum where 
turbulence is maximum around Zn/D=8. They also showed that the stagnation point heat 
transfer coefficient could be increased by artificially increasing the initial turbulence of 
the jet. This is more effective at relatively small impinging height (Zn/D). 
 
The local heat transfer characteristics of air jet impingement at nozzle-plate spacing of 
less than one nozzle diameter have been examined experimentally using an infrared 
thermal imaging technique by Lytle and Webb, [30]. They studied fully developed 
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nozzles flow, the flow structure using laser-Doppler velocimetry and wall pressure 
measurements. The stagnation Nusselt number was correlated for nozzle-plate spacing of 
less than one diameter. Furthermore, a power-law relationship between Nusselt number 
and nozzle-plate spacing of the form Nu0 ~ (z/d)-0.288 observed experimentally was 
explored from theoretical considerations. The effects of accelerating fluid between the 
nozzle-plate gap as well as a significant increase in local turbulence was found to lead to 
substantially increased local heat transfer with decreased nozzle-plate spacing. A 
stagnation point minimum surrounded by an inner and outer peak in the local heat transfer 
was observed for nozzle-plate spacing less than z/d = 0.25. These primary and secondary 
maxima are explained by accelerated radial flow at the exit of the jet tube and an observed 
local maximum in the turbulence, respectively. They concluded that their observations 
were made relative to the turbulent flow structure and wall pressure measurements. The 
outer peak in local Nusselt number was found to move radially outward for larger nozzle-
plate spacing and high jet Reynolds number. 
 
Harms et al. [21] experimentally studied single-phase force convection in deep 
rectangular micro channels. Their research is one of the studies closely related to our 
work. They reported that decreasing the channel width and increasing the channel depth 
allow better flow and heat transfer performance. For single channel, the experimental 
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2.5.2 Mist Spray Impingement Cooling  
 Mist spray cooling system is of interest because it can remove high heat flux than air 
impinging cooling over a small area. The relevant spray parameters that influence the heat 
transfer rate include the air and water pressures, the droplet size, the droplet velocity, the 
spray water mass flux and the nozzle-to-work piece distance (nozzle height).  
 
Lee et al. [25] found that the droplets size effects influenced mist cooling. The very small 
droplet (<10µm) may have completely evaporated before reaching the surface. On the 
other hand, a very large droplet (>500µm) would generate a vapor barrier between the 
droplet and the heated surface. In their experiments, mist cooling brought down the 
surface wall temperature drastically for the same heat flux compared with force air 
convection cooling. The heated surface was quenched to a low, relatively uniform and 
steady temperature at a very high level of heat flux. They reported a heat transfer 
enhancement as high as seven times compared single-phase convective cooling.  
 
Cho and Wu [8] conducted experiments comparing spray cooling to jet cooling using 
Freon-113. They observed nucleate boiling commences near the outer circumference of 
the heated surface for both. Near critical heat flux, a large fraction of the surface was 
undergoing dry out with the jet, but not the spray. This partial dry out of the jets produced 
both large spatial temperature gradients and higher surface temperatures. They measured 
similar CHF values for spray and jets but suggested sprays are superior at inhibiting large 
temperature gradients along the chip surface. They developed CHF correlations for both 
that allowed prediction of (dimensional) CHF in term of Weber number based on liquid 
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(jet or spray drop) velocity and heater diameter. Their correlation did not account for drop 
size or jet diameter. 
 
Like Cho and Wu [8], Estes and Mudawar [12] and Oliphant et al. [35], also studied 
comparison of jet impingement cooling and spray cooling. Estes and Mudawar [12] also 
did comparison of two phases electronic cooling using free jets and sprays. For jet 
cooling, they found that increasing jet flow rate increased the single-phase heat transfer 
coefficient, delay incipience to a higher heat flux and increased CHF, which were typical 
of most flow boiling systems. Increasing CHF revealed with increasing jet velocity, jet 
diameter, or sub cooling. For spray cooling, they found that jet cooling was fairly 
insensitive to nozzle distance from the chip surface while the spray coverage of the 
surface was very sensitive to both cone angle and the distance from the surface. Their 
results indicated spray volumetric flux was the dominant parameter influencing cooling 
rate. Increasing spray volumetric flux was found to increase the heat transfer coefficient in 
every regime except nucleate boiling, which was found to be insensitive to spray 
volumetric flux. Finally, they recommended that CHF was very repeatable with spray 
cooling even during chip power fluctuations. Therefore, system safety against burn out 
can be ascertained with much greater accuracy with spray cooling than jet cooling. 
However, spray nozzles were more prone to inconsistent spray characteristics, erosion, 
and clogging, and should be carefully examined prior to use in electronic cooling systems, 
and well maintained during the expected life of the cooling system. 
 
Oliphant et al. [35] experimentally studied and compared liquid jet array and spray 
impingement cooling in the non-boiling regime. In their previous studies, jet heat transfer 
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depends on the number and velocity of the impinging jets.  For the spray cooling, it 
strongly depends on mass flux and the droplet velocity affects the heat transfer. The 
comparison of the two cooling techniques showed that spray cooling could provide the 
same heat transfer as jet cooling but with a significantly lower liquid mass flux. 
 
Graham and Ramadhyani [20] made experimental and theoretical studies of mist jet 
impingement cooling. The mist jet was created using a coaxial jet atomizer, and 
experimental data were obtained with mist of both methanol and water. They reported that 
surface-average heat fluxes as high as 60 W/cm2 could be dissipated with the methanol/air 
mist surface temperature below 70ºC while with water/air the surface temperature was 
80ºC. Their results also showed that at a given air exit velocity, higher heat dissipation 
were achieved with higher surface temperature. In addition, an increase in the air velocity 
at any given temperature gave higher heat dissipation. A simple analytical model was 
developed to predict the liquid film thickness and heat transfer rate. The predictions found 
very good agreement with the air/methanol data and reasonable agreement with the 
air/water data. 
 
Paris et al. [37] investigated surface roughness effects in the air/water mist impingement 
scheme. Their experiment was mostly concerned with nucleation and boiling of the thin 
film on the surface, but some data were given for temperatures in the range of 80 to 
100ºC. For water–to–air mass flow ratio of 2.09, with an airflow rate of 0.16 liters per 
second, the heat flux at 80º  C  was 200W/cm2. For water-to- air mass flow ratio of 1.49, 
the heat flux was about 100W/cm2 with same airflow rate and same temperature. It could 
be found that an increase in the water-to-air mass flow ratio at any given surface 
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temperature results in a higher heat dissipation. The spray parameters influence the heat 
dissipation rate including the air and water pressures, the droplet size, the droplet velocity 
and nozzle-to-work piece distance (nozzle height).  
 
Sehmbey et al. [39] reviewed high heat flux spray cooling with other high heat flux 
cooling techniques. Most of the research has traditionally focused on spray cooling regime 
beyond the Leidenfrost temperature (Deb and Yeo, 1987; Awonorin) [from 39]. They 
studied the difference between the spray physics for the two methods. These methods are: 
 
1) Pressure atomization  
2) Secondary gas assisted atomization 
 
They reported that the critical heat flux and heat transfer coefficients for the air-atomized 
spray cooling were comparable to pressure atomized spray, although the liquid flow rate 
was more than ten times lower. Furthermore, the secondary gas atomization allows the 
realization of a well distributed spray at very low mass flow rates, this liquid film was 
much thinner and had a very flat surface. Most of the experimental data for air-atomized 
spray cooling had been obtained using sub cooled water (Pais et al., 1992; Sehmbey et al., 
1992 a, b; Yang et al., 1993) [from 39]. The liquid flow rates used were below 5 l/h. On 
the other hand, Titlon [40], Ghodbane and Holman [19] and Sehmbey et al. [39] used 
pressure-atomized nozzles and had larger flow rates. Base on all the experimental data, 
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At very low flow rates, the CHF and heat transfer coefficient generally increased with 
increase in mass flow rate (Monde, 1979; Pais et al., 1992; Sehmbey et al., 1992a; Yang et 
al., 1993a) [from 39]. However, Monde [32] reported that CHF showed no significant 
dependence on flow rate beyond 3x 10-3 m3/m2.s (for water spray). Yang et al. (1993a) 
[from 39] also observed a similar trend. This was probably due to a transition from low 
spray density to high spray density. Therefore, they concluded that the mass flow rate was 
not very significant beyond a certain range that marks the transition from low spray 
density mist cooling to high spray density mist cooling.  
 
Earlier, Yao and Choi [44], and Tilton [40] reported no significant influence of droplet 
size in spray cooling with water. However, it has been found that droplet size had a 
relatively small effect on heat transfer [from 39]. An increase in droplet diameter in fact 
resulted in a decrease in heat transfer coefficient.  
 
The spray velocity was probably the most important spray parameter. The heat transfer 
coefficient and the CHF increased with increase in spray velocity (Yang et al., 1993a; Pais 
et al., 1992; Tilton, 1989; Sehmbey et al., 1994) [from 39]. However, the influence of 
spray velocity was negligible for very low density spray cooling, i.e. flow rates below 4.5 
kg/m2.s (Yang et al., 1993a) [from39]. For very low spray densities, they found that most 
of the liquid evaporates at CHF. Thus, increasing the velocity does not change the CHF. 
However, the increase in velocity does cause an increase in the heat transfer coefficient. 
 
Besides spray cooling, the high heat flux techniques of major interest are micro-channel 
force convection, jet impingement boiling, sub cooled boiling. They compared spray 
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cooling and other high heat flux techniques. They concluded that all of these methods 
were capable of sustaining very high heat fluxes. However, the major limitation of micro-
channel and jet impingement cooling was the lack of surface temperature uniformity. In 
both techniques, there was a significant temperature gradient along the flow direction. 
Spray cooling provided a very uniform surface temperature. The other advantage of spray 
cooling was the low mass flow rate required to sustain very high heat fluxes. 
 
Oliveira and Sousa [36] did neural network analysis of experimental data for air/water 
spray cooling. They briefly summarized their experimental results obtained during the 
study of air assisted atomized water spray cooling of high temperature plane surface. They 
reported that the most important parameter in spray cooling were surface temperature and 
water mass flux. This spray water mass flux was a variable depending on the nozzle type, 
the inlet condition (i.e. the air and water pressures) and the nozzle distance from the area 
being sprayed. At relatively low temperatures and high water fluxes, very high heat 
transfer coefficients were obtained. At the lowest water flow rate, the heat removed from 
the surface was more than sufficient to evaporate all the water droplets. 
 
Li et al.[27] studied mist/steam heat transfer in confined slot jet impingement. They used 
fine water droplets of about 5 µm carried by steam through a single slot jet on to a heated 
surface in a confined channel. The experimental results indicated that the cooling effect 
was enhanced significantly near the stagnation point (less than two jet widths) but this 
enhancement became negligible at a distance of six jet widths from the stagnation point.  
The stagnation point heat transfer was enhanced by 40% at high heat flux q= 13.4 kW/m2 
and the enhancement increased to over 400 %at low heat flux q=3.35 kW/m2. In addition, 
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a 150 percent enhancement with a mist concentration of 1.5 percent was typical in the 
stagnation region. 
 
Li et al.[28] also studied mist/steam cooling by a row of impinging jets. They added water 
droplets generally less than 10µm to 1.3 bar steam, and injected them though a row of 
four discrete round jets onto a heated surface. The mist increased the heat transfer 
coefficient along the stagnation line but the enhancement effect became negligible in 
about five jet diameters. The heat transfer improved by 50 to 70 percent at the stagnation 
line for mist concentrations of 0.75 to 3.5 percent. They compared the present results with 
the slot jet results. Their results showed that the mass flow rate in the present study was 
approximately 54 percent of that of the slot jet of the same Reynolds number. In addition, 
at the same Reynolds number, mist ratio and wall heat flux, the maximum heat transfer 
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CHAPTER 3    
NUMERICAL SIMULATION OF AIR JET IMPINGEMENT 
 
3.1 Introduction  
 
In electronics cooling, slot jets were preferred to circular jets. A slot jet had a wide 
impinging region and attained an almost isothermal condition on the surface. In contrast, a 
circular jet had a small impinging zone, restricting the effectiveness of cooling. Multiple 
circular jets are not effective due to flow blockage between neighboring jets. Before 
numerical simulation can be done, we need to define the computational domain and 
boundary conditions as well as to construct the mesh and grids. The effect of various 
parameters on the heat transfer and flow characteristics were simulated and studied to 
achieve the optimum configurations for maximum heat transfer. The study here also 
involves heat transfer enhancement through micro-channels. 
 
3.2 Slot Jet Impingement in Micro-Channel 
 
The various parameters that affect heat transfer in micro-channel slot jet impingement 
were studied in this simulation. Firstly, single micro-channel simulations were analyzed 
and then, actual study of multi-channel simulations were done and compared with the 
experimental results. The simulations involve a single 21mm long micro-channel where 
air is forced through a jet located in the middle. Air flows along the micro-channel after 
impingement and exhausts through the sides. The parameters varied are depth of micro-
channel and velocity of the impingement jet. The micro-channel width is not varied. Air at 
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300K is used as a coolant fluid. The maximum limiting wall temperature was maintained 
on 373 K on the chip surface when doing the simulation because a higher temperature will 
cause deterioration of the system’s performance and may cause hardware failure in some 
cases.  
The configuration studied is a 21mm x 21mm square silicon die with micro-channels 
etched on its surface. The top of the channels is covered with a glass plate to confine the 
flow through the micro-channels. A slot is machined in the cover plate to produce the air 
jet. In this simulation, the main parameters varied are the velocity of the impingement jet, 
slot width. However, micro-channel width and depth are kept constant. Table 3-1 below 
summarizes the parameters that are involved in each of the case simulations. 
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Table 3-1: Parameters investigated in Micro-Channel Slot Jet Impingement 
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3.3 Modeling of a Slot Jet Impingement in Micro-Channel 
 
Firstly, in order to perform computational fluid dynamics (CFD) analysis of certain choice 
need to be made. These include the choice of the computational domain, the choice of 
physical models, determination of the solution procedure and the CFD program used. For 
this project, Fluent 6 has been used.  
 
The computation domain must be identified from the selected physical models. In 
addition, the boundary conditions and initial conditions must be known. The feasibility of 
2D or 3D geometries using unstructured solution-adaptive triangular/tetrahedral, 
quadrilateral / hexahedral, or mixed (hybrid) grids that include prism (wedges) or 
pyramids must be considered. The meshing scheme used will affect the accuracy and the 
stability of the numerical computation. 
 
Computation time is an important consideration. The convergence criteria and the 
relaxation factors affect the computation time besides other factors such as the viscous 
model employed. The creation of the model geometry and grid requires another software. 
In this project, the software GAMBIT was used as the preprocessor. GAMBIT has a 
Graphical User Interface (GUI) that allows the user to design the model of the experiment, 
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3.3.1 Computational Geometry Model of Slot Jet Impingement  
        (a) Single Micro-Channel   
 
For the simulations done in this project, there were a number of variables to be 
considered. The variables are (a) micro-channel depth, d, and (b) air velocity, V. Figure 
3.1 shows the geometry of the slot jet impingement in a single micro-channel to be used 
in this simulation. In this simulation, a single micro-channel is considered with planes of 
symmetrical on each side. This assumption is possible because of the effect of the 
sidewalls of the cooling device will be quite small. The computation domain is further 
simplified by applying the Symmetry Boundary condition (symmetry-3) along the length 
of the slot jet. Half slot width, b, is fixed to 1mm as well as the channel width, W, at 
100µm. The channel depths are varied from 100µm to 400µm. The parameter of nozzle to 
plate distance is quite important in this study. A constant surface wall temperature of 373 
K is applied to the impingement surface. Air velocity is varying from 100m/s to 300m/s.  
 
                                                                                                                                                             Slot-Jet
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Figure 3.1: Geometry of a Slot-Jet Impingement in Single Micro-Channel        
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  (b) Multi Micro-Channel (Test chip) 
 
Figure 3.2 shows the geometry of the slot jet impingement in the multi micro channel (test 
chip) to be used in the numerical simulation. The study of test chip is a 21 mm x 21mm 
square silicon die with micro-channel etched on its surface, while micro-slot jet is 
machined on a top plate to confine the flow through the micro channel. The micro channel 
width and depth are fixed at 100µm and 250µm respectively. The test chip also used in 
the experimental study of micro channel cooling. The experimental set up procedure will 
explain in Chapter 4, section 4.2.  
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3.3.2 Grid/Mesh Generation for Slot Jet Impingement in a Micro-Channel 
 
The CFD, FLUENT comes with its own grid generator called GAMBIT. GAMBIT is 
modeling software, where the geometry, boundary specifications and meshing of the 
complete computational domain are done. GAMBIT allows both 2D and 3D modeling 
with its very user-friendly interface. 
 
For this slot jet study, 3D Block-Structured Grid (Gambit Modeling Guide, [45]), which is 
made up of Hexahedron-shaped prisms was applied to mesh the faces. Figure 3.3 and 3.4 
show a magnified view of the Hexahedron-shaped grid for single micro-channel and 




















                                 for a single micro-channel 
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Figure 3.4: Magnified View of the Grid Topology for a Slot-Jet Impingement 
(Quarter model of actual micro-channel) 
 
3.3.3 Boundary Conditions for Slot Jet Impingement in a Micro-Channel 
 
Boundary conditions are applied in GAMBIT, during the modeling of the computational 
domain. The following are the boundary conditions applied in the slot jet simulations: 
 
a. Velocity Inlet – Slot Jet 
b. Outflow – Exit-right 
c. Confining Wall – Zero Heat Flux Surface 
d. Heated Wall – Constant Heat Flux Surface 
e. Symmetry – Symmetry-1, Symmetry-2, and Symmetry-3 
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3.4   Solution Procedure in Fluent for Slot Jet Impingement 
 
The solution procedure in Fluent involves reading the grid file obtained from GAMBIT, 
selecting the solver, applying the basic physical model for flow and heat transfer, defining 
properties of the materials to be used in the simulation, specifying the boundary 
conditions, and checking the accuracy of the solution. Fluent solves the conservation 
equations for mass, momentum, energy and chemical species using a control-volume 
based finite difference method. The governing equations are discrete to allow 
computations in complex geometries. These resulting equations are then solved. 
 
3.4.1 Select the Fluent Solver of Slot Jet Impingement 
 
There are two types of solvers in the fluent software, the Segregated or Couple solver. The 
Segregated solver will work through the governing equations sequentially while the 
Couple solver solves them simultaneously. Since the fluid properties are assumed to be 
constant, the temperature field in the forced convection problem that does not have any 
effect on the flow field. Hence the segregated solver would be more appropriate. For this 
reason, the momentum and continuity equations can be solved separately from the energy 
equation. The flow equations were solved until convergence, after which the energy 
equation would be activated for a combined calculation. This solution strategy helps in 
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3.4.2 Physical Model of Slot Jet Impingement 
 
This section will be dedicated to explaining the difference between some turbulent models 
used in flow modeling, such as for jet impingement. For the 3-Dimensional problem, a 
turbulent model would be necessary to describe the flow field inside the control-volume 
under study. Turbulent flows are characterized by fluctuating velocity fields. These 
fluctuations mix transported quantities such as momentum, energy, and species 
concentrations, and cause the transported quantities to fluctuate as well. Since the 
fluctuations can be of small scale and high frequency, they are too computationally 
expensive to simulate directly in practical engineering calculations. Instead, the 
instantaneous governing equations can be time-averaged, ensemble-averaged, or 
otherwise manipulated to remove the small scales, resulting in a modified set of 
computational equations, which are less expensive to solve. However, the modified 
equations contain additional unknown variables, and turbulent models are needed to 
determine these variables in term of known quantities. Fluent provides the following 
choices of turbulence models: 
- Spalart-Allmaras model 
- Standard k-є model 
- Renormalization-group (RNG) k-є model k-є 
- Realizable k-є model 
- Reynolds stress model (REM) 
- Large eddy simulation (LES) model 
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No single turbulent model is universally accepted as being superior for all classes of 
problems. The choice of turbulence model will depend on considerations such as the 
physics of the flow, the established practice for a specific class of problems, the level of 
accuracy required, the available computational resources, and the amount of time 
available for the simulation. Each of the different models applies to different applications 
where flow is to be simulated.  
 
 The Spalart-Allmaras Model is a relatively simple one-equation model that solves a 
modeled transport equation for the kinematic eddy (turbulent) viscosity. It was designed 
specially for aerospace applications involving wall bounded flows and has been shown to 
give good results for boundary layers subjected to adverse pressure gradients. It is also 
gaining popularity for turbo machinery applications. In its original form, the Spalart-
Allmaras model is effectively a flow Reynolds-number model, requiring affected region 
of the boundary layer to be properly resolved. In Fluent, however, the Spalart-Allmaras 
model has been implemented to use wall functions when the mesh resolution is not 
sufficiently fine. This might make it the best choice for relatively crude simulations on 
coarse meshes where accurate wall gradients of the transported variable in the model are 
much smaller than the gradients of the transported variables in the k- є models. This might 
make the model less sensitive to numerical error when non-layered meshes are used near 
the wall. 
 
The Standard k-є model in Fluent is a two-equation turbulence model in which the 
solution of two separate transport equations and all flow of the turbulent viscosity and 
length scales to be independently determined. This model falls within the class of 
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turbulence model and has become the work of practical engineering flow calculations. 
The Standard k-є model is often used in industrial flow and heat transfer simulations. As 
the strengths and weaknesses of the Standard k-є model have become known, 
improvements have been made to the model to improve its performance. Two of these 
variants available in Fluent are the RNG k-є model and the realizable k- є model. 
 
The RNG k-є model is similar in form to the standard k-є model, but includes the 
following refinements: 
 
- The RNG model has an additional term in its equation that significantly 
improves the accuracy for rapidly strained flows. 
- The effect of swirl on turbulence is included in the RNG model, enhancing 
accuracy for swirling flows. 
- The RNG theory provides an analytical formula for turbulent Pandtl 
numbers, while the standard k- model uses user-specified, constant values. 
- While the standard k-є model is a high-Reynolds number model, the RNG 
theory provides an analytically derived differential formula for effective 
viscosity that accounts for low Reynolds number effects. Effective use of 
this feature does depend on appropriate treatment of the near wall region.  
 
These features make the RNG k-є model more accurate and reliable for a wider class of 
flows and heat transfer than the standard k-є model. 
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The Realizable k-є model is a relatively recent development and differs from the standard 
k- є model in two important ways: 
 
- The realizable k- є model contains a new formulation for the turbulent 
viscosity. 
- A new transport equation for the dissipation rate, є has derived from an 
exact equation for transport of the mean-square vorticity fluctuation. 
 
Both the Realizable and RNG k-є models have shown substantial improvements over the 
standard k-є model where the flow features include strong streamline curvature, vortices, 
and rotation. Since the model is still relatively new, it is not clear in exactly which 
instances the realizable k-є model consistently outperforms the RNG model. However, 
initial studies have shown that the realizable model provides the best performance of all 
the k-є model versions for several validations of separated flow and flows with complex 
secondary flow features. 
 
The Reynolds Stress model (RSM) is the most elaborate turbulence model that Fluent 
provides. Abandoning the isotropic eddy-viscosity hypothesis, the RSM closes the 
Reynolds-averaged Navier-Stoke equations by solving transport equations for the 
Reynolds stresses, together with an equation for the dissipation rate. This means that four 
additional transport equations are required in 2D flows and seven additional transport 
equations must be solved in 3D. Since the RSM accounts for the effects of the streamline 
curvatures, swirl, rotation, and rapid changes in strain rate in a more rigorous manner than 
one-equation and two-equation models, it has greater potential to give accurate 
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predictions for complex flows. However, the fidelity of the RSM predictions is still 
limited by the closure assumptions employed to model various terms in the extract 
transport equation for the Reynolds stresses. The modeling of the pressure strain and 
dissipation rate terms is particularly challenging, and often considered to be responsible 
for compromising the accuracy of RSM predictions. The RSM might not always yield 
results that are clearly superior to the simpler models in all classes of flows to warrant the 
additional computational expense. However, use of the RSM is necessary when the flow 
features of interest are the result of anisotropy in the Reynolds stresses. Among the 
examples are cyclone flows, highly swirling flows in combustors, rotating flow passages, 
and the stress-induced secondary flows in ducts. 
 
The Large Eddy Simulations (LES) is the small-scale motions that are calculated in the 
same manner as the Reynolds stress model. The large-scale motions are computed 
explicitly. When LES is used as the turbulence model, the three dimensional time 
dependent Navier-Stokes equation is solved directly, rather than through the use of the 
Reynolds stress model. LES is a numerical simulation in which not all the physical 
motions are resolved. It can be performed for realistic engineering flows at high Reynolds 
numbers. Those motions that cannot be resolved on the mesh in LES are referred to as 
sub-grid scale. These motions have a very important role in interchanging energy with the 
large resolved eddies, and because of this cannot simply be neglected: a sub-grid scale 
model represents their effects. A simple eddy-viscosity model will often suffice to 
represent the action of the sub-grid scales in LES, based on the grid size as a length scale 
and the strain rate to define a velocity scale. 
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For the simulations done, the Renormalization-group (RNG) k-є model was used. It had 
better predictions for wall heat and mass transfer. In addition, this model provides three 
near wall regions: the Standard Wall Functions, the Non-equilibrium Wall Functions, and 
the Two-Layer Zonal Model. The Standard Wall function works in the simulations. 
 
3.4.3 Define Properties of the Materials for Slot Jet Impingement 
 
In the default section, air and aluminum are the materials that are associated with a fluid 
and a solid, respectively. However, silicon is used as the heated surface material in the 
study and its properties correspond with the experimental heated surface used. Hence, the 
properties of aluminum are substituted with that of the silicon. A list of the properties of 
the air fluid and silicon is available in Appendix C. 
 
3.4.4 Boundary Conditions  
 
The boundary conditions define the flow and thermal variables on the boundaries of the 
physical model. 
 
a) Velocity Inlet 
For the simulation, velocity inlet boundary conditions are used to define the flow 
velocity, together with other scalar properties such as turbulence level and dissipation 
rate of the flow at the inlet condition. For simulations, three air inlet velocities of a 
single micro-channel were used: 100, 200, and 300m/s. In the actual experiment, air 
                                                                                                                        39
Chapter 3                                                       Numerical Simulation of Air Jet Impingement                        
inlet velocities of 64.1 and 100m/s were used. As the flow in the micro-channel will 
remain well below the sonic speed of 433 m/s, incompressible flow was assumed. 
 
    b) Outflow 
For the confined slot jet, the end of the channel is defined as an outflow boundary. 
Fluent extrapolates the information from available data, for example, the inlet 
velocities, to obtain the conditions at the outflow. Thus, there is no need to input 
information to the outflow boundary condition. 
 
c) Confining Walls  
Wall boundary conditions are used to confine fluid flow. By default, a no-slip 
condition is defined at the walls. No-slip boundary conditions are applied to the mean 
flow on solid boundaries. The inputs that are required for defining the wall boundary 
conditions for this study depend on the thermal boundary conditions at the walls, since 
the simulations are dealing with a heat transfer problem. Normally, confining walls 
are described as zero heat flux surfaces. 
 
d) Heated Wall  
In this study on parameters affecting heat transfer in micro-channel flow and 
impingement, both the Constant Temperature Wall Boundary Condition and the 
Constant Heat Flux Wall Boundary Condition are used. For single micro-channel 
configuration, the heated surface had a boundary condition of a constant temperature 
of 373K. This is because the operating temperature of electronic devices is usually 
limited to 100ºC (373K). The Constant Heated Flux Wall Boundary condition is used 
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to describe the heated surface wall in the actual micro-channel configuration. A 
constant heat rate of 25 watt is applied to the heated surface. 
 
  e) Plane of Symmetry 
Due to the summery of the configurations used the simulations; a plane symmetry 
condition is specified. 
 
3.5 Solution Accuracy and Convergence Criterion 
 
To obtain more accurate results, all first order discretization schemes were set to second 
order, followed by the initialization of the flow field. Then the residual plotting was 
enabled to monitor the convergence of the simulations. Finally, iteration can start until 
convergence of the simulation is obtained.  
 
In some simulations, the finer the grid was, the more accurate the solution results would 
be, but more time would be needed to run the simulations and a larger memory space 
would be required. Fluent provides a mesh refinement/coarsening scheme (Fluent User 
Guide Volume 3) [46]. This scheme can be used to refine or coarsen some regions of the 
generated grid so that a more accurate solution near those regions is obtained. In this 
simulation problem, an original grid interval of 0.025 mm was generated.  
 
After a rough solution was obtained around about 1000 iterations, the mesh 
refinement/coarsening scheme was applied to the flow field. A refinement threshold value 
of 10-7 was used to get an accurate result of the heat transfer gradient. Furthermore, under 
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relaxation factors were employed to help promote a smooth convergence of the 
discretized equations. In general, the default under relaxation factors was applied for the 
semi-confined jet or confined jet simulations. The sums of the absolute residuals of the 
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 CHAPTER 4  




This chapter describes an experimental study of impingement cooling in micro-channels 
and consists of two sections. The earlier section deals with the study of air as the coolant 
in micro-channel slot jet impingement, while the later section deals with the performance 
of mist spray cooling. In order to investigate the parameters that affect the characteristics 
of cooling rate with slot jet impingement, experiments were conducted with a simulated 
chip heater. Both experimental systems include a test heater, power supply, test vehicle, 
measurement equipment and flow system.  
 
4.2 Test Chip for Micro Channel Cooling Experiments 
 
 
As described in Chapter 3, Section 3.3.1(b), the test chip used in this experimental study 
of micro channel cooling consisted of a 21x 21mm square silicon chip with 100 µm wide 
and 250 µm depth micro channels etched on the entire top surface. As shown in Figure 
4.1, the micro-channels were covered by a glass plate of thickness 0.5mm, which was 
anodically bonded onto the top surface of the test chip. A slot was machined across the 
center of the glass cover plate perpendicular to the direction of the micro channels. The 
coolant would be introduced through this slot at the center of the micro channels and exit 
through the micro channel on both sides as shown in Figure 4.1. 
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Figure 4.1 Geometry of Test chip for Micro Channel Cooling Experiment 
 
A thick film resistor is fixed to the bottom surface of the silicon chip. An electrical 
current will be passed to power the resistor to simulate heat dissipation in the chip. A 
block of Teflon is attached to the bottom of the resistor to insulate the heater so that most 
of the heat will be conducted upwards to the micro channels. A photograph of the test  
set-up (chip) is shown in Fig. 4.2. The slot widths are 1mm and 2mm. 
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Figure 4.2 Test chip with Heat Resistor and Teflon Block 
 
 
4.3 Test Section for Air Slot Jet Impingement Cooling 
 
As shown in Figure 4.3, the test section consisted of a cover plate, a cylindrical plenum 
manifold, a base plate designed to prevent air leakage and a test chip that contains the 
heat source. The base plate contains the test chip, a thick film resistor (test heater), PTFE 
(Teflon) block and insulator. The thickness, length and width of PTFE (Teflon) block 
must be designed to fit inside the base plate. The Teflon block could be used to measure 
heat losses from the heated plate. The Teflon block was located between thick film heater 
and insulation. T-type thermocouples were used to measure the temperature at the 
experiment. Two T- type thermocouples were attached to the top and outlet to the bottom 
surface of the Teflon block. It was found that heat loss by conduction was typically about 
3 % of the input power. The Auto-CAD drawing of the PTFE (Teflon) block design and 
calculation of heat losses are shown in the Appendix B. 
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Figure 4.3 Schematic Diagram of Test Section 
A thick film resistor (test heater) was attached to the underside of test chip using epoxy. 
The silicon chip and thick film resistor were insulated on the bottom with PTFE (Teflon) 
block, an insulator. Six T- type thermocouples embedded directly underneath the length 
of the chip and measured the average surface temperatures. Figure 4.4 and 4.5 show the 
top view and bottom view of the complete set of test section and thermocouples. Two 
thermocouples were located at each micro-channel exit to measure the outlet 
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pipe. All thermocouples were sealed using epoxy to prevent air leakage. In order to verify 






               
              
                   Figure 4.4 Top View of Base Plate with Complete Test Section 
and Thermocouples 
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                   Figure 4.5 Bottom View of Base Plate with Complete Test Section 
and Thermocouples 
 
4.4 Design Considerations 
 
In later calculations it will be assumed that the flow rate of coolant through each micro 
channel is the same. As the height of the inlet manifold to the micro channels may have 
some effect on the uniformity of coolant flow rate and velocity at the inlet to the micro 
channels. FLUENT software was used to perform 3D simulations for a manifold height 
of 80mm with air as the coolant. It was found that when the manifold height was 80 mm, 
the air inlet velocity along the slot was uniform. However, experiments were carried out 
for two manifold heights of 80mm and 40mm to see if there would be any difference 
between the two.  
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There are three major components of the test rig. These are the cover plate, manifold and 
base plate. This test section (rig) was fabricated to prevent air leakage during the 
experiment. The same rig was used for both air impingement and mist spray cooling in 
the micro channel.  
 
4.5 Set Up of Air Slot Jet Impingement Cooling Experiment 
 
A schematic of the air slot jet impingement facility used for the experiments in this study 
is shown in Fig.  4.6. The overall experimental system consisted of an airflow system, a 
power supply, a test heater, the test section, and data acquisition unit. In this study, the 
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  From Air Pump
Figure 4.6 Schematic diagram of the air slot jet impingement experiment facility 
 
4.5.1 Air Flow System 
 
The airflow system consisted of a vacuum pump, an air filter, air pressure gauge, air shut-
off valve, and an airflow meter. A vacuum pump pulled air from the room into the test 
section through the air filter. An airflow meter was used to measure air inlet flow rate and 
a pressure gauge the air inlet pressure. It is important that air inlet velocity be similar 
along the inlet slot jet. In order to compare with the simulated results, the air inlet 
velocities were chosen to be 64.1m/s and 100m/s. A photograph of the airflow system is 
shown in Fig. 4.7. 
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Figure 4.7 Photograph of Air Flow System 
 
4.6 Procedure for Air Slot Jet Impingement Cooling Experiment 
 
Measurements were made to determine the maximum heat transfer rate that the present 
set up could withstand without burning up. Experiments were conducted for different 
values of air jet velocity (64.1m/s and 100 m/s), plenum manifold height (80mm, 40mm), 
slot width (1mm, 2mm) and constant power supplied (25 watt). The results will be 
compared with the numerical simulation results.  
 
First, the air slot jet impingement test facility was set up. Second, power supply, air 
vacuum pump and the data acquisition unit were switched on and finally, the air flow 
meter was controlled to get the desire flow rate. There was a waiting period of 10 minutes 
for each experiment. This was done to ensure that the impinging jet had reached a steady 
state condition. The experiments were repeated to ensure reproducibility. The variation 
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between results was within 10 percent. The thick film resistor can be burnt up if the 
electrical power input is more than 25 watts. In such an event, thermocouples would not 
measure the surface temperature correctly. Thus, a maximum input power of only 25 watt 
was used. 
 
On the other hand, this type of heater was small, compact and easy to attach to micro 
channel chip using epoxy adhesive. The micro channel chip can also be uniformly heated 
using the heater, as heater size is enough to cover the entire chip. The test section design 
was small because the test sample size was (21x 21) mm2. It can be found that 
thermocouples cannot be easily put inside or taken out. Nevertheless, this may only lead 
to a small error of the temperature readings. 
 
4.7 Set Up for Mist Spray Cooling Experiment 
 
The experimental apparatus consisted of an air atomizing nozzle, an airflow system, a 
liquid flow system, a power supply, test section, and a data acquisition unit. The overall 
experimental system is shown in Figure 4.8. Except for the atomization nozzle and liquid 
flow system, the other components are the same as those in the air slot jet impingement 
experiment.  
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4.7.1 Air Atomization Nozzle 
 
Mist spray cooling can be broadly divided into two categories depending on the mode of 
spray generation: 
1) Pressure atomization, where the high-pressure liquid is atomized by the pressure 
differential across a nozzle. 
2) Secondary gas assisted atomization, where a stream of high velocity secondary 
gas helps in atomizing the liquid into a very fine spray. 
 
The difference between the spray cooling physics for the two methods is due to the 
presence of the secondary gas flow superimposed on the spray in the second method.  
Secondary gas assisted atomization (air atomization nozzle) was used in the study of 
experiment. The atomization nozzle is depicted schematically in Fig. 4.9. Air flowing 
through the annular contraction efficiently atomized the liquid jet position at its core. The 
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exit plane of the air nozzle was positioned at the horizontal heater surface. The heater and 
the mist nozzle were mounted with a test section with appropriate inflow and outflow.  
 







The presence of secondary gas flow alongside the spray droplets has the effect of 
superimposing a stagnation flow field on the liquid film deposited by the impinging 
droplets. These results in thinner liquid film and an efficient sweeping away of the vapor 
produced during the process. Another effect is the reduction of the partial vapor pressure 
on the surface of the liquid film. All this leads to higher heat fluxes and more efficient 
use of the liquid. Moreover, it should be noted that the secondary gas atomization allows 
the realization of a well-distributed spray.  
 
The compressed air and liquid were mixed externally to produce a completely atomized 
flat spray. Fine water droplets were carried by air through a single slot jet onto a heated 
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surface in a confined channel. Atomization control is achieved by adjusting the air and 
liquid pressure in the spray set-up. Basically, obtaining finer atomization is done by 
increasing the air pressure and/or lowering the liquid pressure, resulting in a high ratio of 
airflow rate to liquid flow rate.  
 
Since the width of the micro channels is very small at 100µm, spray droplets must be 
very fine so that they can flow smoothly through the micro channels. Experiments were 
conducted to investigate this micro-jet impingement device with a mist-cooling scheme.  
 
4.7.2 Liquid Flow System 
 
The liquid flow system consists of a water tank, water pump, regulator, liquid strainer, 
liquid pressure gauges, shutoff valve, and by-pass system. A photograph of the liquid 
flow system is shown in Fig. 4.10.  
 
Although water can be directly drawn from a tap it was found that the water pressure at 
the inlet to the nozzle could not be maintained at a constant level.  Hence a water pump 
was used to maintain a constant water pressure and flow rate.  The experiments were 
conducted increasing the air pressure and lowering liquid pressure. At the lowest water 
flow rates; the heat removed from the surface was more than sufficient to evaporate all 
the water droplets, Oliveira and Sousa [36]. Excess water flows through the by-pass 
pipeline to the water tank. The electronic control system was set up to maintain a constant 
inlet water pressure of 1 bar. Liquid (water) inside the water tank was forced by the water 
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pump to flow through the liquid strainer and liquid nozzle before being atomized by the 
coaxial air jet.  
 
 
                        Figure 4.10 Photograph of the Liquid flow System  
 
The air/water mist enters the atomizing system (flat spay nozzle) through a flexible 
plastic tube. The test section was designed to implement heat transfer measurement and 
to minimize the heat losses from the power supply. It consists of a single slot jet, thick 
film heater, T type thermocouples, PTFE (Teflon) block and insulator which was similar 
to the air slot jet impingement experiment. Figure 4.11 shows a picture of the overall mist 
spray experiment. The complete test section is shown in figure 4.12. 
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Figure 4.12. Complete Test Section 
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4.8 Procedure of Mist Spray Cooling Experiment 
 
The mist flow experiments were started setting the water flow rate to the atomization 
nozzle as desired and the DC power was then switched on. After some time when the 
flow and heat transfer had become steady, measurements were made of the temperatures 
at the bottom of the heated plate as well as outside of the channel. At the same time, the 
spray liquid temperature was measured with a thermocouple just upstream of the nozzle.  
 
The experiment was repeated for varying air and water pressures, manifold height and 
heat supplied. The first set of experiments was conducted at constant water pressure of 
0.3 bars and varying air pressure on a uniformly heated plate. Air pressure was varied 
from 0.65 bars to 0.92 bars. Another set of experiments was also done varying the heat 
supplied for constant air pressure of 0.75 bars and 0.92 bars, constant water pressure of 
0.3 bars and 0.4 bars. In this experiment, the wall heat flux was varied from 0.81W/cm2 
to 2.02 W/cm2. All experiments were done for two-selected manifold height.  
 
Uncertainties in the reading of pressure, temperature, power, and flow rate all contributed 
to experimental error. Measurement uncertainties of the pressure gage, flow meter, water 
pump, and watt transducer were ± 5, ± 10, ± 5 and ± 1 percent, respectively. 
Thermocouple measurements were made with a ± 0.1º C accuracy. Heat loss to the 
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4.9 Calibration of Thermocouples 
 
The performance of the micro jet cooler was determined by measuring inlet and outlet 
temperatures, and the temperature of the thick film heater that simulated the operating 
temperature of the electronic chip. As such, T-type thermocouples must be calibrated in 
order to obtain accurate temperatures. First, thermocouples were used to measure 
temperature ranging from zero to 100°C, then compared to a master thermometer, and 
logged into the HP data acquisition unit every 5 minutes. The temperature increment was 
5ºC.  Next, these results were plotted and errors were calculated. It was found that these 
thermocouples exhibited an error of about less than 1% as shown in Figure 4.13.                                              
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4.10 Ultrasonic Cleaning 
 
To obtain accurate measurements, silicon chips and pieces of Pyrex 7740 glasses must be 
ultrasonically cleaned. Cavitations caused by sound waves create millions of tiny bubbles 
traveling at incredibly high speeds through water. These bubbles penetrate all parts of 
surfaces to be cleaned and implode causing dirt to be gently lifted from surfaces. This 
process was carried out at the National University of Singapore Chemical Engineering 
Department. A typical process involves immersion of Pyrex 7740 glasses and silicon 
substrates in concentrated acid in the ultrasonic bath for 10 minutes, and finally rinsing 
three times with distilled water. Silicon and glass were dried in the oven for about an 
hour. 
 
4.11 Anodic Bonding 
 
The fabricated silicon micro-channel has to be covered with a Pyrex glass. The thermal 
expansion coefficient of the Pyrex glass should be well matched with silicon. Pyrex 7740 
is commonly used in anodic bonding because the thermal expansion mismatch is very 
small. Anodic bonding is a well-matched technique for bonding glass and silicon.  
 
The glass and silicon are placed in contact and heated to about 400º C. A DC potential of 
1.7 KV is applied across the material with the silicon as the anode. The large electrostatic 
attraction combined with the resistance heating associated with the ionic current in the 
glass results in a gradual fusion of the surfaces. This anodic bonder is available at the 
Institute of Materials Research Engineering (National University of Singapore). 
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4.12 Test Heater 
 
A thick film resistor was used to simulate an active electronic chip. Heat generated in a 
very thin metal layer on the top of the ceramic substrate was removed through single-
phase convection or boiling heat transfer. The dimension of the resistor was 25.4 x 12.7 x 
1 mm3 with a heating area of 12.7 x 8 mm at the top as shown in Fig. 4.14.  
 
The resistor was inserted into a slot of a PTFE (Teflon) insulating carrier whose thermal 
conductivity is 0.25 W/m.K. Heat can spread from the heating area to the other area on 
the surface and be removed there. To estimate the heat spreading effect, a three 



















Figure 4.14 (b) Conduction pro
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∂−=−      at . dz =
L,W,d are the length (25.4mm), width (12.7mm) and thickness (1mm), respectively, of 
the heater.  is the heat flux generated by the resistive heating within the 12.7 x 8 mm 
heating area (shown shaded in Fig. 4.14).  
q
The finite volume method was numerically solved this problem by Yang Cheng [44]. The 
results show that as much as 25 % of the total heat generated could be lost through the 
top surface of the resistor. In single-phase jet impingement heat transfer, this percentage 
may decrease as heat transfer coefficient also decreases with decreasing surface 
temperature radially (Wang et al, 1989b) [from 44]. Accurate determination of the 
spreading effect needs a combination of the heat conduction in the heater and the local 
heat transfer coefficient at the surface. The heat loss through the rest of the surfaces other 
than the top surface was about 3% of the total heat generation. The total heat generated 
was determined by measuring the voltage drop across the resistor that had an electrical 
resistance of . Ω± 05.05
 
4.13 Power Supply 
 
Power to the thick film resistor was provided by a DC power supply with variable output 
from 0 to 100 W. The power supply voltage and current output were accurate to 0.1 V 
and 0.01A, respectively. 
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CHAPTER 5 




The results obtained from the numerical simulations and the experiments are reported in 
the tables and figures below. The slot jet impingement in a micro-channel with different 
parameters described for a maximum input power of 25 W at the bottom of the silicon 
substrate. The maximum velocity computed for all the cases are in the vertical direction, 
and 100m/s. Hence, the incompressible flow assumption is reasonable. In numerical 
studies of impinging slot jet cooling, the accuracy of the results is limited by the accuracy 
of the turbulence models for air impinging slot jet cooling. The numerical simulation 
results and the experimental results are described in this chapter. The experimental results 
for air impinging cooling will be compared with those for mist spray cooling. 
 
5.2 Numerical Simulation Results 
 
5.2.1 Slot- Jet Impingement in a Single Micro-Channel 
 
In the simulation case 1 (Table 3-1), a single micro channel was considered with planes of 
symmetry on each side. The effect of the depth of the micro-channel on heat transfer was 
studied with a different jet exit velocity from a slot jet impingement in the micro channel. 
The channel depth, h, ranged from 100 µm to 400 µm while the channel width, W, was 
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fixed at100 µm. The exit velocity of the micro-channel was set at three speeds: Low-
100m/s, Medium-200m/s and High-300m/s. The heat flux at the heated surface was varied 
such that the maximum allowable temperature does not exceed 373K. Air is used as a 
coolant fluid at 300K. 
 
Figure 5-1 shows the total heat flux for the various depth of micro-channel and exit 
velocity. 
  
























                     
          Figure 5-1: Plot of Heat Flux Vs Exit Velocity of Micro-Channel 
  
Theoretically, from the equation 
                                         ThAQ s∆=  
where h is the heat transfer coefficient, As is the surface area, and ∆T is the temperature 
difference between the heated plate and the fluid, the heat flux varies directly with the 
change in surface area, with all the other parameters remaining constant. Micro-channels 
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of width 100µm and depth 250µm were used in the actual experiments. Due to fabrication 
constraints, deeper channels have not been studied in the actual experiments. 
 
Figure 5-1 shows that the exit velocity varies linearly with the heat flux. Three cases only 
have been simulated to obtain the linear relationship between the exit velocity and heat 
flux. By applying the heat equation,  
 
                                C=Q m& p T∆ , and the mass flow rate equation, 




∆== ρ" . 
From the analysis, it could be concluded that channel depth and air exit velocity is 
increased the heat flux is also increased. Nevertheless, the ratio of the nozzle to plate 
distance should be (0.5<H/d<4), where H is defined as the distance between the nozzle 
and the plate, and d is the nozzle diameter. 
 
5.2.2 Slot- Jet Impingement in Actual Micro-Channel 
 
Figure 3.3 shows the quarter model micro-channel device. In this simulation, the nozzle-to 
plate distance was fixed at 5 mm and the main varying parameters are velocity of the 
impingement jet and slot width. The micro-channel width was kept at 100µm, and its 
depth at 250µm. A constant heat source of 25 W was applied to the thick film heater. 
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  A CFD simulation obtained the average temperature distribution and heat transfer 
coefficient at the bottom plate. These simulation results clearly showed that the exit 
temperature was higher than the inlet slot jet temperature.  
The average convection heat transfer coefficient is calculated as follows 






Qin is the input power. 25 W is used for all simulation cases. 
Qloss is the heat losses by conduction to the bottom of the insulation layer underneath the 
heater. However, the heat loss was not taken in the computer modeling. The input power 
(25W) was defined and taken directly to the heated surface.   
The heated surface area, As = 1.2 x 10-3 m2
Ts is the average temperature of the surface (heated plate). Tin of 20ºC is used in all cases 
for the inlet temperature.  
 
All the Figures (5-2 to 5-6) for the temperature distribution and average heat transfer 
coefficient came out from the CFD software. The different curve legend represented the 
quarter model of the micro channels device. From Figure 5-2, the total temperature 
distribution increases along the channel length. The temperature at air slot jet impinging 
zone was nearly equal to the inlet temperature (293K), and the temperature rise up to 
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Figure 5.2 Plot of Total Temperature Distribution along the Micro-Channel 
(inlet velocity,64.1m/s& slot width,1mm) 
 
Figure 5-3 shows the plot of surface heat transfer coefficient along the channel. The range 
of maximum surface heat transfer coefficient is 1200 W/m2 K near the inlet and decreases 
along its length toward the outlet.  
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Figure 5.3 Plot of Surface Heat Transfer Coefficient 
(inlet velocity,64.1m/s& slot width,1mm) 
 
Figure 5-4 indicates the temperature distribution from the inlet slot to outlet channel 
distance for a cooling device with 1 mm inlet slot width and an inlet velocity of 100 m/s. 
It can be see that increasing the inlet velocity from 64.1m/s to 100m/s decreases the outlet 
temperature from 305.5K to 301K.  Figure 5-5 shows surface heat transfer coefficient 
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Figure 5-4: Plot of Total Temperature Distribution along the Micro-Channel 
(inlet velocity, 100m/s & slot width, 1mm) 
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Figure 5-5: Plot of Surface Heat Transfer Coefficient 
(inlet velocity, 100m/s& slot width, 1mm) 
 
Figures 5-6 and 5-7 are the simulated results for a micro-jet impingement cooler with an 
inlet slot width of 2 mm and an air inlet velocity 64.1m/s. Figure 5-6 shows the 
temperature distribution from the inlet slot to the micro channel outlet. With an air inlet 
temperature of 293K, the outlet temperature is 299K.  
 
Figure 5-7 shows the surface heat transfer coefficient along the channel.  As can be seen, 
the surface heat transfer coefficients are larger compared to the device with an air inlet 
slot width of 1 mm.  
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Figure5- 6: Plot of Total Temperature Distribution 
(inlet velocity, 64.1 m/s & slot width, 2mm) 
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Figure5-7: Plot of Surface Heat Transfer Coefficient 
(inlet velocity, 64.1 m/s & slot width, 2mm) 
Figure 5-8 indicates the temperature distribution for a cooler with a 2 mm inlet slot and an 
inlet velocity of 100 m/s.  The difference between the inlet and outlet temperature is only 
4 degrees. Figure 5-9 also shows the surface heat transfer coefficient with a 2mm slot 
width and inlet velocity of 100m/s.  
 
As shown in Fig. 5-9, this micro-jet cooler has the highest surface heat transfer 
coefficients above all simulation results because of more air amount and high velocity.  
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Figure5- 8: Plot of Temperature Distribution along the Micro-Channel 
(inlet velocity, 100m/s & slot width, 2mm) 
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                         Figure 5-9. Plot of Surface Heat Transfer Coefficient 
(inlet velocity, 100m/s & slot width, 2mm) 
All the simulation results are summarized in Table 5-1. It can be compared with 
experiment results (see in Table 5-2). 
 






























1. 1      64.1 293 305.5 12 1200 
2. 1      100 293 301.0 8 1500 
3. 2      64.1 293 299.0 6 1560 
4. 2      100 293 297.0 4 1860 
 
          Table 5-1:  Numerical Simulation Results for the Air Impingement Cooling 
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5.2.3 Observations and Computational Effort 
 
The computation was done for 1000 time steps. To obtain more accurate results, all first 
order discretization schemes were set to second order schemes, followed by the 
initialization of the flow field. At the first about 700 iterations, the faster convergence to 
start with reasonable initial guesses for momentum fields. The second order schemes were 
done next about 350 iterations to obtain the energy equation convergence position. The 
energy equation scheme gives the total temperature and heat removal rate of the heated 
plate. All the convergence criteria for each case take one to two hours. Sometime, the 
computation of the solution would not converge because the grid interval was too large 
and refinement of the grid was required.  
 
Monitoring the residual solution, the continuity equation was solved exactly with residual 
of less than 0.001 and the standard k-є was also solved with residuals of less than 0.001 
for each time step. The flow and heat transfer inside the air-impinging device is complex. 
It is necessary to reduce the error in the energy equation to be required accuracy. The 
energy equation is solved with residuals of less than 10-6 for iteration. 
 
It can be seen that the residual equations graph below shows the continuity equation, x,y,z 
velocity equations, k-ε equation and energy equation convergence conditions after 
completing the first order discretization schemes. After the residual equations have 
reached convergence, the numerical results can be displayed by plotting graphs of the 
average temperature and heat transfer coefficient. 
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Figure 5-10: Residual Equations Graph 
 
5.3 Comparison between Simulation and Experimental Results in Air Jet   
                                      Impingement Cooling 
 
In each of the experiments, the power supply to the heater and flow of air to the inlet slot 
jet were turned on simultaneously. The main parameters were airflow rate, manifold 
height and slot width. The air flow meter will measure airflow rate. It is important that air 
inlet velocity be similar along the inlet slot. Only two air velocities were used in the 
experiments, 64.1m/s and 100m/s. For the experiments, two manifold heights of 80mm 
and 40mm were used and the results compared.  The experimental results were recorded 
using a data logger.  Readings of air inlet and outlet temperature, and six temperatures of 
the heated surface were recorded.   The temperatures at the top and bottom surfaces of the 
Teflon block were also measured in order to calculate the heat loss from the heated plate 
The cross- sectional area of a micro-channel is defined as: 
( )nbWA chs 2×=  
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The total heat rate equivalent to the electrical circuit power is where I is current 
and R is resistance (or) 
RIQ 2=
( )inss TThAQ −=  
The average heat transfer coefficient is calculated as 
)( inss TTA
Qh −=  
The uncertainty analysis of the heat transfer coefficient can be found in Appendix B. A 
standard uncertainty analysis showed the uncertainty at 95% confidence in the heat 
transfer coefficient to be less than 4 percent. It is found that the uncertainty of the heat 
transfer coefficient is about 1.0∼3.5 percent. 
 






































    1.     1     80     64.1     290.7     309.8 19.1 1089.0±12.6 
    2.     1     80     100     292.2         308.3 16.1 1294.0±17.3 
    3.     1     40     64.1     291.9     322.4     30.5    683.1±5.63 
    4.     1     40     100     292.6         320.9 28.3   735.0±6.36 
    5.     2     80     64.1     294.4     316.0 21.6   960.1±10.1 
    6.     2     80     100     291.6     306.1 14.5 1436.8±21.1  
    7.     2     40     64.1     294.2     317.0 22.8   913.7±9.23 
    8.     2     40     100     292.5     309.8 17.3 1204.2±15.16
            
              Table 5-2: Experimental results for air jet impingement cooling 
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Case 1 and 2 in Table 5-2 show the temperature differences and the heat transfer 
coefficients with a constant slot width (1mm) and manifold height (80mm). It can be seen 
that increasing the inlet velocity from 64.1m/s to 100m/s decreased the temperature 
differences from 19.1K to 16.1K and the surface heat transfer coefficient was also 
increased from1089 W/m2 K to 1294 W/m2 K. The conditions for Case3 and 4 are the 
same as Case 1 and 2, respectively, except that the manifold height is decreased to 40mm. 
As can be seen in Table 5-2, decreasing the channel height appears to decrease the heat 
transfer coefficient. 
 
Case 5 and 6 are the same as Case1 and 2, except that the slot width is increased to 2mm. 
With a greater slot width and the same inlet velocity, one would expect the heat transfer 
coefficient to increase. This is indeed the result for Case 6 where the temperature 
difference was decreased from 16.1K to 14.5K and the surface heat transfer coefficient 
was increased from1089 W/m2 K to 1436.8 W/m2 K.  However, the results for Case 5 
appear to contradict this trend. For this case, the temperature difference was unexpectedly 
increased from 19.1K to 21.6K and the surface heat transfer coefficient was decreased 
from 1089 W/m2 K to 960.1W/m2 K. This anomaly may be attributed to experiment set up 
errors and locate the thermocouple errors for this case. 
 
Cases 7 and 8 have an inlet slot width of 2mm and a manifold height of 40mm. 
Comparing with Cases 5 and 6, it is again confirmed that a smaller manifold height leads 
to a lower heat transfer coefficient. 
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Table 5-3 shows the comparisons between numerical and experimental results. 
Surface Temperature 
Ts (K) 
Heat Transfer Coefficient 















1. 305.5 309.8 1.4 1200 1089.0 9.3 
2. 301.0 308.3 2.4 1500 1294.0 13.7 
3. 299.0 316.0 5.4 1560 960.1 38.4 
4. 297.0 306.1 3.1 1860 1436.8 22.7 
Table 5-3 Comparisons of Numerical and Experimental Results 
 
Table 5-3 shows that the average surface temperatures of both results are similar but the 
heat transfer coefficients of the numerical simulations are better than that of the 
experimental results. The percentage differences of the surface temperature are relatively 
small. They varied from 1.6% and 5.4%. However, the percentage differences of the heat 
transfer coefficient are greater, varying from 9.3% and 38.4%. Such differences may be 
due to experimental errors. The possible errors are experiment set-up, located the 
thermocouples and heat losses across the Teflon (PTFE) block. In the numerical 
modeling, the assumptions made and neglect the heat losses from the heat source. 
 
5.4 Experiment of Mist Spray Cooling Results 
 
In these experiments, the compressed air and liquid were mixed externally to produce a 
completely atomized spray. Finer water droplets were carried by air through a single slot 
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jet onto a heated surface in a confined channel. Atomization control is achieved by 
adjusting the air and liquid pressure in the spray set-up. Increasing airflow rate and 
lowering the liquid flow rate obtain a finer atomization. Thus, the experiments are 
conducted to investigate the micro-jet impingement cooler device with a mist-cooling 
scheme. The air pressure and water pressure were monitored using pressure gauges.  
 
A data logger recorded readings of inlet and outlet temperature, six heated surface 
temperatures and two temperatures to calculate the heat loss from the heated plate. 
Experiments were conducted varying air pressure, water pressure, manifold height, and 
input power. Only two water pressures are used in the experiments, 0.3 bar and 0.4 bars. 
All experiment results are presented and discussed the next section. 
 
5.4.1 Experimental Run 1 
 
The first set of experiments was conducted at fixed water pressure of 0.3 bar and varying 
air pressure on a uniformly heated plate (25W). For the constant water pressure, three air 
pressures were tested (0.65, 0.75 and 0.92 bars).  
 
In all experimental runs, the water pump pumped water from the water tank. If the water 
came direct by from the tap, the flow was found to be not always consistent. Therefore, a 
water pump was used to get a constant flow rate and desired flow rate. Water from the 
pump outlet flow through the liquid strainer and nozzle before being atomized by the 
coaxial air jet. The pressure had to be monitored at all times to ensure the correct flow rate 
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was passing through the nozzle. The experiment results were obtained at the manifold 
height of 80mm. 
Table 5-4 shows the result of experiment run 1. 
Constant input power =25W,         
























1.       0.65 289.5        308.2 18.7 1086.0±12.82 
2.       0.75 289.2        305.5 16.3 1264.6±16.76 
3.       0.92 289.0        304.3 15.3 1367.3±19.13 
Table 5-4: Experiment Run 1 Result for Mist Cooling 
 
In addition, figure 5-11 indicates the variation of average heat transfer coefficient with air 
inlet pressure for a constant water pressure. It can be seen that the increasing the air inlet 
pressure gave a high heat transfer coefficient at the heated surface. 
82                              
Chapter 5                                                                                      Results and Discussion   
              



































    
Fig. 5-11: Variation of average heat transfer coefficient with air inlet pressure for  
                               Constant water pressure 
 
5.4.2 Experimental Run 2 
 
In this run, two sets of experiments were performed at a constant water pressure of 0.3 bar 
using the air-assisted atomization spray nozzle. The first set of experiments was 
conducted at an air pressure of 0.75 bars and the second set at 0.92 bars.  For each air 
pressures, the heat supply from the heated plate was varied from 10W to 25 W. Readings 
showed that the surface temperature and the outlet temperature had stopped increasing 
after about 15 or 20 minutes (stable condition). Experiment run 2 results can be found in 
Table 5-5. In these experiments, the size of the water droplets cannot be measured 
83                              
Chapter 5                                                                                      Results and Discussion   
because a high-speed camera was not available. In any case, we were only interested in 











          Ts












        10         289.5         299.2 9.7 836.8±17.75 
        15         289.5         302.2 12.7 963.8±15.92 







        25         290.0         305.5 15.5 1264.6±17.5 
        10         289.0         298.5 9.5 904.63±19.6 
        15         289.5         301.5 13.0 1020.8±16.5 







        25         290.0         304.3 14.3 1367.3±20.3 
 
Table 5-5: Experiment Run 2 Result in Mist Cooling with constant water pressure, 0.3 bar 
 
Figure 5-12 (a) and (b) indicate that an increase in the air inlet pressure at a constant water 
pressure results in a higher heat transfer coefficient and lower surface wall temperature. 
The average surface wall temperatures were consistence with increasing the heat supply 
from the heater. Moreover, figure 5-12 (b) shows that a higher air inlet pressure gives rise 
to a higher heat transfer coefficient.  
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Fig. 5-12: (a) Surface wall temperature Vs Power Supplied for 
Air pressure of 0.92 & 0.75 bar 
            





































                 Fig. 5-12: (b) Average heat transfer coefficient Vs Power Supplied for  
                                          Air pressure of 0.92 & 0.75 bar 
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5.4.3 Experimental Run 3 
 
In Experimental Run 3 was the air pressure was kept constant at 0.92 bar while power 
supply and water pressure were varied. The water pressures used were 0.3 bar and 0.4 bar. 
Readings were recorded every 20 minutes.  
 
This was to ensure that steady state condition had been reached.  The heat supply from the 
thick film heater was varied to the same extent as Experimental Run 2. In addition, two 


























10 289.2 297.7 8.5 957.8±23.0 
15 289.5 300.8 11.3 1047.0±19.3 
20 289.5 303.1 13.6 1178.7±18.3 
           1. 
Air pressure 
(0.92 bar) & 
Water 
pressure (0.4 
bar) 25 289.5 303.6 14.1 1405.3±21.13
10 289.5 298.5 9.0 904.63±20.6 
15 289.5 301.3 11.8 1020.8±18.0 
20 290.0 303.4 13.4 1170.3±18.4 
2. 
Air pressure 
(0.92 bar) & 
Water 
pressure (0.3 
bar) 25 290.0 304.3 14.3 1367.3±20.3 
                      Table 5-6: Experiment Run 3 Results for Mist Cooling 
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                    Figure 5-13: Average heat transfer coefficient Vs Power Supplied for 
                                         Water pressure of 0.3 & 0.4 bar 
 
Figure 5-13 shows how the average heat transfer coefficient varied with heat supplied. It 
can be seen that increasing water pressure gives a slightly higher heat transfer coefficient. 
However, the data curves did not show a clear trend in the heat transfer coefficient as the 
liquid flow rate was increased.  
 
It can be seen that figure 5-12 (b) gives a clear trend in the heat transfer coefficient as the 
airflow rate was increased.  By increasing air pressure and lowering the liquid pressure, 
not only was more heat removed from the heated plate but finer droplets were also 
obtained. 
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 Figure 5-14 indicates that a higher the manifold height shows a greater the heat transfer 
coefficient. The 80mm of manifold height was earlier found through numerical simulation 
to give a uniformly distributed pressure across the slot at the inlet. 
 
                       







































                   Fig. 5-14: Average heat transfer coefficient Vs Manifold height for 
                                    Constant air/ water flow rate 
 
5.5 Comparison of Air Impinging Jet and Mist Cooling Results 
 
From the above Section 5.3, Table 5-2 cases 1 to 4, and Section 5.4, Figures 5-10 to 5-14, 
it is clear that the use of mist cooling gives a higher heat removal than air only impinging 
cooling. Airflow rates of 64.1m/s (75.5 l/min) and 100m/s (117.8 l/min) were used in the 
air impinging slot jet. For the mist cooling, the compressed air and liquid were mixed 
externally to produce a completely atomized spray. A maximum airflow rate of 10.85 
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l/min and water flow rate of 2 ml/min were used in mist cooling. It can be seen that mist-
cooling experiment used much lower airflow rates than that of air impinging cooling.  
 
 Mist cooling experiments were tested with air pressures of 0.92, 0.75 and 0.65 bar and 
water pressures of 0.3 and 0.4 bar. Air impinging jet experiments were tested with 
pressures of 1.0 bar and 1.2 bars. Thus the air pressures for the mist cooling experiments 
are nearly the same as those for the air jet impingement cooling experiments. However, 
the airflow rate for mist cooling was decreased at the atomization spray nozzle because of 
the air outlet nozzle diameter was small. 
 
Although lower airflow rates were used in the mist-cooling experiments the average 
surface temperature and heat transfer coefficient were not much different from that of the 
air impingement cooling experiments. One possible reason for this is that the water 
droplets evaporate on contact with the heated surface, resulting in a higher cooling rate.  
 
5.6 General Discussions 
 
It can be seen from the graphs and tables that the heat transfer coefficients measured in 
the current experiments were about 680∼1800 W/m2 K. Unfortunately, most researchers 
did not study jet-impingement cooling in micro-channels but merely studied cooling due 
to confined single or multiple air-jet impingement on a plain, flat heated plate. The 
present work is a numerical and experimental study of confined slot jet impingement 
cooling and mist spray cooling in micro channels. Thus a direct comparison of the present 
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results with those of other researchers cannot be done. However, some comparisons will 
be made as described in the following.  
 
Most researchers have concluded that heat transfer coefficient or the average Nusselt 
number increases as the nozzle-to-plate spacing decreases and flow velocity increases. 
Aldabbagh and Sezai [1] found that the local Nusselt number increases as the nozzle-to-
plate spacing decreases. The rate of change in the Nusselt number is also higher at smaller 
nozzle-to-plate spacing (0.25D). Numerical simulation results in this study (Table5.3) also 
show similar trends.  
 
The present study is closely related to Harms et al [21]. They reported that decreasing the 
channel width and increasing the channel depth allow better flow and heat transfer 
performance. The trend of their results agrees well with the present findings shown in Fig 
5.1.    
 
Wu et al. [42] studied cooling of impinging jets of air. In order to facilitate the micro heat 
transfer measurements, they used a sensor chip, which has an (8 x 8) temperature sensor 
array on one side, and an integrated heater on the other side. They measured the surface 
temperature to be 35°C for a power input of 1.12W and calculated the average heat 
transfer coefficient to be 254.5 W/m2K. This compares with the value of 1089 W/m2K 
measured in the current study (Case 1, Table 5-2). The current experimental results are 
quite different from those of Wu et al. as they were studying jet impingement cooling on a 
plain flat surface while the current work-studies jet impingement cooling on micro 
channels. However, the values are of the same order of magnitude. 
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For mist cooling, most researchers conclude that droplet velocity, mass flux and droplet 
size influence mist cooling rate. The spray water mass flux is a variable depending on the 
nozzle type, the inlet condition (i.e. the air and water pressures) and the nozzle distance 
from the area being sprayed. At a relatively low temperature and high water fluxes, a very 
high heat transfer coefficient was obtained. At the lowest water flow rates; the heat 
removed from the surface was more than sufficient to evaporate all the water droplets 
[35]. 
 
Furthermore, Sehmbey et al. [39] reported that air-atomized spray cooling were 
comparable to pressure-atomized spray cooling, although the liquid flow rate was more 
than ten times lower. The average heat transfer coefficient was measured to be about 
3.25x104 W/m2K at an air pressure of 3.45 bar and water mass flow rate per unit surface 
area of 4.5 Kg/m2s. In the current experiments, the average heat transfer coefficient was 
measured to be about 1370 W/m2K at an air pressure of 0.92 bar and water mass flow rate 
per unit surface area of 1.67 Kg/m2s. The values of the average heat transfer coefficient 
measured by Sehmbey et al is quite different from those by the current study as the water 
and air flow rates used are very different.  
 
Oliveria and Sousa [36] conducted experiments in air-assisted atomized water spray 
cooling on a heated plain flat surface. The heat transfer coefficient they measured was 
about 3000 W/m2 K at a surface temperature of 200°C and water mass flux of 0.1 kg/m2s. 
In the present experiments, the average heat transfer coefficient was measured to be in the 
range of 1086 - 1367 W/m2 K for a surface temperature range of 31°C - 35°C and a water 
flow rate of 2 ml/minute. Although the experiments of Oliveria and Sousa involve plain 
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flat surfaces while the experiments in the current study involve micro channels, the order 
of magnitude of the heat transfer coefficients measured is similar.  
 
It should be noted that both Sehmby et al [39] and Oliveria and Sousa [36] used the inlet 
water temperature in their definition of the heat transfer coefficient whereas the inlet air 
temperature was used in the current study. However, as both the inlet air and water 
temperature are similar and close to the room temperature, this slight difference should 
not affect the differences observed above. 
 
92                              
Chapter 6                                                                         Conclusion and Recommendation  
CHAPTER 6   




This study mainly focuses on the study of the flow and heat transfer in a MEMS-based 
micro-jet impinging cooling device. The impinging jets enhances heat transfer coefficient 
in micro-channels. This study attempts to correlate the results of numerical analyses with 
experimental results. The experimental performance of air impinging jet cooling was also 
compared with mist spray cooling. The numerical simulation is done using the 
Computational Fluid Dynamic (CFD) software called Fluent. The flow and energy 
equations are solved for temperature distribution and heat transfer from the heated chip. 
 
In the numerical simulations, various depth of micro-channel and velocity of the 
impinging jet have been applied to a single micro-channel. The results show that when 
channel depth and air inlet velocity is increased the cooling rate is also increased.  
 
In the experimental study, the main parameters varied are slot width, manifold height and 
inlet velocity. The micro-jet cooler with a 2mm slot-width and air velocity of 100m/s gave 
the highest surface heat transfer coefficient among all cases studied because it had the 
largest coolant flow rate and the highest coolant velocity. 
 
The heat transfer coefficients obtained from the numerical simulations are better than 
those from the experimental results. The percentage differences of the surface temperature 
 93
Chapter 6                                                                         Conclusion and Recommendation  
are relatively small, varying from 1.6% and 5.0%. However, the percentage differences of 
the heat transfer coefficient are greater, varying from 9.3% and 36.0%. Such differences 
may be due to experimental errors and the assumptions made in the numerical modeling.  
 
The effect of the height of the air inlet manifold was studied experimentally. It was found 
that the heat removal rate was better with a manifold height of 80mm compared to 40mm. 
 
Mist spray cooling was found to give a greater heat removal rate from a uniformly heated 
surface compared to cooling by impingement of air only. The airflow rate required in the 
mist cooling system was lower than that of the air impinging jet cooling system for the 
same heat supplied. In using the nozzle to cool a silicon wafer (an electronic chip), the 
wafer temperature was kept below 40ºC for a heat dissipation of 25 watts. The spray 
nozzle employed in the present study was an air-atomized water spray.  
 
6.2 Recommendations 
The simulation and experimental results in this project can be further improved. The 
improvements and further investigations are as follows: 
 
6.2.1 Simulation 
Some aspects in the study of jet impingement have been overlooked due to time 
constraint. A more comprehensive set of simulations could be done with a wider range of 
parameter variations. The turbulence model used was restricted to the Renormalisation 
Group (RNG) k-ε Model. Other turbulence models should be considered, for example, the 
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use of the Reynolds Stress Model, the Large Eddy Simulation Model and v2-f Model. Slip 
at the wall boundary could also be investigated in impingement in a micro-channel. 
Finally, surface roughness could be studied as a parameter in jet impingement as it is 




During the experiment, it was found that with the thick film heater employed the power 
supplied could not be increased much, restricting the intensity of heat flux that could be 
used. Instead of attaching a thick film heater to the micro-channel substrate and the use of 
thermocouples, a micro-channel substrate with an integrated heat source could be used. 
The temperature measurement technique may be improved by using MEMS temperature 
sensors. This will enable the temperature distribution along the channel and local heat 




More experiments can be conducted using FC-72 and phase change heat transfer can be 
studied. Although the use of water has been proven in this study to be very effective in 
cooling, there is always a risk of water leakage and short-circuiting.  
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A high-speed camera should be used to capture images of droplets impacting the heated 
surface. If droplets were much smaller than the diameter of the micro-channels, they 
would flow easily through the channels. In addition, the relevant spray parameters that 
influence the heat transfer rate, for example, the droplet velocity, droplet size and spray 
water mass flux could be studied experimentally. 
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APPENDIX A 
Design and Test Fixtures 
 
 
1. Design of Teflon Block 
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2. Detail Drawing of Test Section 
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B-1 Calculation of Heat Losses 
 
The bulk of the heat losses occur through the bottom of the resistor through the Teflon 
block. This heat loss is estimated by measuring the temperature at the top surface of the 
Teflon block, Ta and that at the bottom surface of the block, Tb, using thermocouples. The 
Teflon block is 12.5 mm wide and 30mm long.  





Heat loss,  tbb AqQ ×=
where thermal conductivity of Teflon, k =0.25 W/m K.   
 Thickness of Teflon, t = 7mm. 




B-2 Local Heat Transfer Coefficient 
 
The local heat transfer coefficient on the heated surface is calculated as follows: 
                             
T
qh ∆= , 
where q = heat flux (W/m2), and ∆T = Temperature difference between the local surface 
temperature and the inlet fluid temperature (K). 
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B-3 Average Heat Transfer Coefficient 
 
The average heat transfer coefficient is calculated as follows: 
                        ∫= AhdAh ,  
where h = local heat transfer coefficient (W/m2K) 
          A = area of the heated surface (m2) 
However, Fluent provides the surface integral function that calculates the magnitude of 
the average heat transfer coefficient on the heated surface.     
 
B-4 Uncertainty Analysis 
 
An uncertainty analysis is provided to determine the correctness of the experimental 
results. Uncertainty is an estimation of the difference between the experimental value and 
the true value of a measured quality by the investigator, with a given confidence interval. 
All measurement of a variable contains inaccuracies and it is very important to have an 
understanding of these inaccuracies when the experiments are conducted. 
 
An uncertainty analysis is conducted on the average heat transfer coefficient in this study 
based on the methodology proposed by Moffat [33]. A standard uncertainty analysis 
showed that the uncertainty at 95% confidence interval could be utilized. The uncertainty 
of a measured value can be divided into two parts, the bias limit and precision limit. The 
bias limit consists of fixed errors such as fossilized error of a thermo physical property 
table, and calibration errors, which arise from calibrating the measuring instrument to a 
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known input. The precision limit consists of a combination of process and instrument 
unsteadiness attributed to randomness.  
 
The listing of these components of uncertainty for the heat transfer quantities directly 
measured in this study is given in Table B1 [34]. The bias limits are determined from the 
calibration performed or otherwise provided from the instrument manufacturer. The 
precision limits of the heat transfer quantities are given as two times the standard 
deviation of a measured value for a set of observations from a steady state experiment. 
The total uncertainty of a measured value can be determined as follows: 
 U=( B2 +P2)1/2 
                                                              Table B1 
 Bias (B) Precision (P) 
Current, I 0.36% 0.01A 
Voltage, V 0.025% 0.01V 
Temperature, °C 0.5°C 0.1°C 
 
The heater power, Q = V × I 
The result Q of an experiment is calculated from measurements of voltage and current. 
Thus, the uncertainty of heat power Q can be calculated using the following expression: 
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The average heat transfer coefficient is defined as, ( )inss TTA
Qh −= , where Q is heater 
power, Tw is the surface wall temperature and Tin is the jet or inlet temperature. Surface 
wall temperatures are measured by thermocouples embedded directly underneath the 
length of the chip. Air inlet temperature is also measured by thermocouple at the air 
supply pipe. The uncertainty of heat transfer coefficient is also calculated from a 
measured of heat power, Q, the cross-sectional area, As and temperature of difference, ∆T. 
The cross-sectional area, As is constant so that the uncertainty of heat transfer coefficient 
is calculated using the following expression: 



















No.  Uncertainty U 
1. Heater power, Q 0.5% 
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APPENDIX C 
 
Properties of Materials: 
C-1 Physical Properties of Air 
 
Table C-1: Properties of air used in the experiment 
                    
Density ( ρ) 1.225 kg/m3
Specific heat capacity (Cp) 1.006KJ/kg K 
Thermal conductivity (K) 0.0242 W/m K 






C-2 Physical Properties of Liquid Water 
Table C-2: Properties of liquid water used in the experiment 
 
Density (ρ) 998.2 Kg/m3
Specific heat capacity (Cp) 4.18 KJ/kg K 
Thermal conductivity (K) 0.6 W/m K 
Viscosity (µ) 0.001003 kg/m s 
Latent heat  2263.07 KJ/kg 
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C-3 Physical Properties of Silicon 
 
Table C-3: Properties of silicon used in the experiment 
 
Density (ρ) 2330 kg/m3
Specific heat capacity (Cp) 712 J/kg K 
Thermal conductivity (K) 100 W/m K 
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